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Abstract 
 
Growth kinetics of AlGaN in NH3 MBE under significant Ga desorption was studied. It was 
found that the addition of gallium stimulates 2D growth and provides better morphology of films 
compared to pure AlN. The effect was experimentally observed at up to 98% desorption of the 
impinging gallium. We found that, under the conditions of significant thermal desorption, larger 
amounts of gallium were retained at lateral boundaries of 3D surface features than at flat terraces 
because of the higher binding energy of Ga atoms at specific surface defects. The selective 
accumulation of gallium resulted in an increase in lateral growth component through the 
formation of the Ga-enriched AlGaN phase at boundaries of 3D surface features. We studied 
temperature dependence of AlGaN growth rate and developed a kinetic model analytically 
describing this dependence. As the model was in good agreement with the experimental data, we 
used it to estimate the increase in the binding energy of Ga atoms at surface defects compared to 
terrace surface cites using data on the Ga content in different AlGaN phases. We also applied 
first-principles calculations to the thermodynamic analysis of stable configurations on the AlN 
surface and then used these surface configurations to compare the binding energy of Ga atom at 
terraces and steps. Both first-principles calculations and analytical estimations of the 
experimental results gave similar values of difference in binding energies; this value is 0.3 eV. 
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I. Introduction 
 
AlN, GaN, InN, and their alloys have found wide application in micro- and optoelectronics 
because of unique properties of these materials. Nitride semiconductors are used in 
microelectronics to fabricate high performance ultrahigh-frequency (UHF) devices based on 
high-electron-mobility transistors (HEMT). Despite the spectacular progress of past two decades 
[1], poor morphological and structural properties of heterostructures remain a limiting factor for 
nitride-based UHF devices because of the use of lattice mismatched substrate materials, such as 
Si, SiC, and Al2O3 [2]. 
Nitrides form a continuous series of ternary alloys AlGaN, InAlN, and InGaN. The 
properties of these alloys, such as band gap width, spontaneous and piezoelectric polarization 
constants, and lattice constants continuously vary with composition [3]. The possibility of 
controlling parameters through alloy composition is vastly used in the fabrication of active and 
functional layers of electronic nitride devices with the required characteristics.  
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Some problems of ternary nitride film growth arise from the difference in the stability of 
Al, Ga, and In bonds with nitrogen. AlN, GaN, and InN are characterized by different 
equilibrium nitrogen pressures over their surfaces [4] and have different thermal stabilities under 
the same nitrogen pressure. Because of a difference in the stability of chemical bonds between 
Al, Ga, and In and nitrogen, AlN, GaN and InN start to decompose at different temperatures. 
Under vacuum, these binary films are known decompose through the congruent evaporation of 
metal and nitrogen atoms.  Ternary alloy decomposition is more complex. Ternary nitride films 
are grown in one of the following three modes: (i) at sufficiently low temperatures both metal 
components are stable within a crystal and film decomposition is not observed; (ii) at extremely 
elevated temperatures, less stable metal atoms (indium in InGaN and gallium in AlGaN) are 
almost fully desorbed with the formation of a binary film with impurities of less stable metal 
atoms; (iii) at intermediate temperatures, both incorporation and desorption of less stable metal 
atoms occur and result in the dependence of film composition on the growth temperature. The 
temperature boundaries of these modes depend on the ratio between nitrogen and metal 
components.  
At the moment, low temperature growth is a conventional regime, as it allows simple and 
precise control of the film composition. Unfortunately, low temperature growth yields films with 
poorer morphology and crystal quality because of the low surface mobility of adatoms. 
Meanwhile, growth at extremely elevated temperatures had also found practical application. 
Despite being incorporated at impurity level, less stable metal atoms affect growth kinetics and 
promote the formation of films with smoother surfaces, relaxed strains, and lower defect 
densities. The addition of indium was shown to improve the quality of GaN films grown by 
metal-organic chemical vapor deposition (MOCVD) [5], plasma-assisted molecular beam 
epitaxy (PAMBE)[6], and ammonia-based molecular beam epitaxy (NH3 MBE) [7]. Ga was also 
found to improve the morphology and crystal quality of AlN films grown by MOCVD [8]. The 
authors of the listed papers associated the action of In and Ga with the surfactant effect.  
In the epitaxy, surfactant is a substance that has the following features: it covers the 
surface of a growing film, affects growth kinetics, but incorporates weakly (at a doping level) 
into the bulk of the forming crystal. The effect of a surfactant is usually explained by an increase 
in the adatom diffusion lengths. For example, when Sb was used in Si/Ge epitaxy as a surfactant, 
it formed a solid coverage on the growing surface and reduced diffusion barriers for Si and Ge 
adatoms [9]. The same mechanism was found for indium-mediated GaN growth by PAMBE 
under Ga-rich conditions, when indium and gallium formed a metallic layer, providing the direct 
interaction between the In-surfactant and other adatoms [6]. For ammonia-based NH3 MBE and 
MOCVD methods, the mechanism of surfactant effect was either attributed to the enhanced 
mobility of the adatoms [5, 7] or was not discussed at all [8]. Nevertheless, surfactant-mediated 
growth by NH3 MBE and MOCVD [5, 7, 8] took place under strong ammonia excess (N-rich) 
conditions, which excluded the formation of a solid metallic coverage. According to theoretical 
estimates for GaN growth by NH3 MBE under strong NH3 excess, Ga adatoms occupy less than 
one percent of surface sites [10]. Therefore, the presented explanations of the surfactant effect of 
gallium and indium are contradictory for the ammonia based growth techniques (MOCVD and 
NH3 MBE). 
The intermediate range of growth parameters between complete incorporation and full 
evaporation of less stable metal atoms (Ga in AlGaN and In in InGaN) is poorly used and 
studied. A common trend of a decrease of AlGaN growth rate with temperature was shown for 
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MOCVD by Keller et al [11]. A more detailed investigation was provided recently for MOCVD 
grown AlGaN films with a mole fraction of GaN over 60% under the thermal desorption of Ga 
[12].Skierbiszewski et al. succeeded in the development of a kinetic model for InGaN growth 
under N-limited conditions [13]. Meanwhile, there is a lack of the data on the morphology and 
growth of AlGaN films with high AlN content under strong Ga desorption.  
The common issue of growth of ternary nitride films is the separation of phases of different 
compositions. Phase separation in ternary nitride alloys appears to be a complex phenomenon, 
affected by surface morphology and strain inhomogeneity. It is useful in case of self-organized 
quantum dots [14], but is considered as a negative effect when homogeneous films are required 
[15].  
 
In this work, we studied the kinetics of the epitaxial growth of AlGaN films in a 
temperature range between full evaporation and complete incorporation of gallium. 
Experimental data on a comparison of AlGaN and AlN film series grown under similar 
conditions within the temperature range of significant gallium evaporation are presented in 
section II. The effect of Ga on growth kinetics and film morphology is demonstrated. The 
formation of an AlGaN phase with a higher Ga content in the areas of developed surface is 
shown. Section III presents the results on an experimental study of the dependence of AlGaN 
growth rate on growth temperature and introduces a kinetic model analytically describing this 
dependence. The model is then used to explain the formation of AlGaN phases with higher Ga 
contents though the accumulation of gallium at the boundaries of 3D surface features because of 
the dependence of Ga binding energy on local surface morphology. Local phase separation 
through the selective accumulation of gallium in the vicinity of surface defects is associated with 
the enhancement of lateral growth. Section IV describes methods and results of first-principles 
calculations of Ga atom interaction with morphological defects on the AlN (0001) surface. For 
this goal, we first developed an ab initio thermodynamic model to examine stable configurations 
on this surface and then used these surface configurations to compare binding energies of Ga 
atoms at terraces and steps. Section V presents a general discussion of the results and our 
considerations of the relations between phase separation in AlGaN, enhancement of lateral 
growth, and surfactant effect. Section VI contains brief conclusions. 
 
 
II. AlN and AlGaN growth: analysis and comparison 
 
The AlN and AlGaN films were grown on 50 mm diameter (0001) oriented sapphire substrates 
with a 0.2 degree miscut toward the m-plane. An optical pyrometer calibrated to the melting 
point of Al (660°C) was used to measure substrate temperature. Prior to growth, the substrates 
were annealed for 1 hour at 850°C under high vacuum and nitrided at the same temperature 
within 15 min in a 30 sccm NH3 flux. Growth rates were obtained from oscillation curves of 
surface optical reflectivity. Al and Ga fluxes are presented in units of growth rate, nm/h [16]. 
Ammonia, Al, and Ga fluxes were 200 sccm, 200 nm/h, and 270 nm/h, respectively. The 
thickness of the deposited films was 300 nm. Reflective high-energy electron diffraction 
(RHEED) and atomic force microscopy (AFM) were used to study surface morphology. Surface 
reconstructions observed by RHEED showed that all of the grown films were metal-polar [17]. 
The stoichiometry of AlGaN films was analyzed by X-ray diffraction (XRD) [18]. Samples for 
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transmission electron microscopy (TEM) were prepared by mechanical polishing followed by 
Ar-ion milling. All TEM samples were cut normally to the substrate (0001) plane. The local 
chemical composition of AlGaN was examined by energy dispersive X-ray spectroscopy 
(EDXS) using an EDXS-module of TEM system.  
The RHEED patterns for AlN and AlGaN films evolved similarly. Growth started with the 
formation of small nucleation islands, producing spotty RHEED patterns [Fig. 1(b)]. The further 
growth showed a gradual transition to streaky diffraction patterns, indicating the formation of 
smooth surfaces [Fig. 1(c)]. After some time, a full transition to streaky patterns took place. This 
transition was related to a change in growth mode from three-dimensional to two-dimensional 
(3D–2D transition) [19, 20]. Full 3D–2D transition times for different AlN and AlGaN films are 
presented in table I. One can see that 3D–2D transition took significantly less time for AlGaN 
films. Growth rates were also measured. The measured AlN growth rate for all AlN samples was 
200 nm/h. The AlGaN growth rates decreased at higher deposition temperatures, as was 
expected. Using the measured growth rates and 3D–2D transition times, we calculated 3D layer 
thicknesses, which are presented in Table I. For AlGaN films, the GaN mole fraction decreased 
with temperature (Tab. I). 
 
 
FIG. 1. RHEED images for (a) 3D  and (b) 2D growth stages, respectively. Insets show AFM 
images of (a) 3D islanded surface  and (b) uniform smooth surface, corresponding to RHEED 
patterns. 
 
AlN films [Fig 2(a)] had terrace-stepped morphology with the mean terrace length and step 
height 0.5 μm and 2 nm, respectively. The ratio of step height to terrace length corresponds to a 
substrate miscut angle of 0.2 degree, which indicates that the terraces are parallel to the (0001) 
plane of the substrate. Hillocks of the average diameter 200 nm are also seen. AFM images of 
higher resolution showed that the surfaces of all samples had pits whose densities exceed 109 cm-
2 [Fig. 2(b)]. TEM analysis showed that these pits originated from threading pores, penetrating 
through the bulk of the AlN film [Fig. 2(c)]. 
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FIG.2. AlN films morphology: (a), (b) AFM images of AlN surface for the film grown at 1050°C 
under ammonia flux of 200 sccm; (c) TEM image of a AlN film. Circles and arrows show 
hillocks and threading pores, respectively. 
 
AlGaN films had terrace-stepped surface with average terrace length and step height 
increased up to 1 μm and 4 nm, respectively. Terraces were atomically flat and exhibited no pits. 
The average hillock diameter increased to 400 nm. 
 
 
TABLE I. Characteristics of AlGaN films 
Characteristic AlGaN AlN 
Growth temperature, °C 1020 1050 1100 1020 1050 1100 
GaN mole fraction in AlGaN (XRD) 0.39 0.18 0.02 - - - 
Full 3D–2D transition time 
(RHEED), min 
6 6 6 12 16 15 
AlGaN growth rate (interferometry), 
nm/h 
330 245 205 200 200 200 
3D layer thickness, nm 33 25 20 40 53 50 
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FIG. 3. Experimental data for a AlGaN film grown at 1050°C: (a) AFM images; (b),(c) dark 
field TEM images of the sample cut; (d) distribution of Al and Ga atomic concentrations along 
the EDXS scan line, shown in (c). Inset in (b) shows an enlarged area, where a 3D–2D transition 
is seen at a AlGaN film thickness of 25 nm. 
 
The AlGaN samples for TEM were cut from the AlGaN film grown at 1050°C normally to 
both the (0001) plane and terrace edges [Fig. 3(b)]. The AlGaN film had no threading pores. The 
nucleation layer shows remarkable contrast in Fig. 3(b). A similar contrast is also clearly seen in 
the areas under step edges. EDSX analysis showed that, in the bright areas under step edges, the 
GaN mole fraction was close to 0.55, whereas the average GaN mole fraction was 0.18 
according to XRD. The GaN mole fraction in the nucleation layer also increased (Fig. 4). 
Therefore, the contrast observed in TEM images was due to the higher GaN mole fraction in 
bright areas. The thickness of the 3D layer according to TEM was 25 nm [Fig. 3(b)], which 
justified the RHEED-based evaluation (Tab. I). 
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FIG. 4. (a) A dark field TEM image of an AlGaN sample cut and (b) distribution of Al and Ga 
atomic concentrations along the EDXS scan line. 
 
The application of Ga induced noticeable changes in the film evolution, structure, and 
surface morphology. The 3D–2D transition at the initial stages of growth took less time under 
gallium exposure for all AlGaN films. All AlGaN films had atomically flat terraces with larger 
widths and did not have threading pores. We emphasize that these effects were also observed for 
AlGaN films grown at 1100°C with a GaN mole fraction of 0.02 (see Table I). 
 
 
Ga 
III. AlGaN growth rate and composition. 
 
In this section we consider the dependence of AlGaN growth rate and composition on the growth 
temperature. We introduce an analytical model describing changes in AlGaN growth rate and 
composition based on the analysis of elementary surface processes. In the end of the section, the 
developed model is applied to analyze selective gallium accumulation and its effect on film 
growth. To examine AlGaN growth rates at different temperatures in more detail, additional 
experiment was carried out. The AlGaN film was grown with NH3, Ga and Al fluxes being 200 
sccm, 270 nm/h, and 200 nm/h, respectively. Growth temperature was varied within the range 
800–1100°C. Growth rates in the course of deposition were measured using an optical 
interferometry system. The data obtained are presented by empty square markers in figure 5(a). 
 
Kinetic model of AlGaN growth. 
AlGaN is a solid alloy of AlN and GaN; therefore was reasonable to consider AlGaN 
growth rate ୅ܸ୪ୋୟ୒  as a sum of AlN and GaN growth rates, ୅ܸ୪୒  and ୋܸୟ୒, respectively. These 
growth rates are related as follows: 
 
ୋܸୟ୒ = ୅ܸ୪ୋୟ୒ − ୅ܸ୪୒ = ݔ ୅ܸ୪ୋୟ୒, (1) 
 
where x is the mole fraction of GaN in Al1-xGaxN. Using Eq.(1), we found that ୋܸୟ୒ was 130, 45, 
and 4 nm/h at growth temperatures of 1020°C, 1050°C, and 1100°C, respectively, whereas  ୅ܸ୪୒ 
was 200 nm/h, which is equal to the impinging Al flux. Let p be Ga incorporation rate defined as 
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݌ = ୋܸୟ୒/ܫୋୟ  , where ீܫ ௔ is an impinging Ga flux. One can see that the change in ୅ܸ୪ୋୟ୒ with 
temperature was caused by the decrease in p, while the Al incorporation rate was unity. 
 
 
FIG. 5. AlGaN growth rate against growth temperature: (a) experimental points (empty squares) 
and theoretical curves obtained using Eq. (5) for E= 4.27 eV (solid line) and E = 4.6 eV (dashed 
line), respectively; (b) plot of ln(-lnp) vs. 1/T for the experimental values of p (empty squares) 
and function y = 39 – 4.27/T (solid line). 
 
We used a kinetic approach [10] to develop a simplified model describing  the dependence 
of ୅ܸ୪ୋୟ୒ on temperature under the conditions of Ga desorption. The development of a strict 
kinetic growth model is a difficult task, but specific growth conditions allowed us to make 
several significant simplifications. 
The analysis presented above shows that the change in the growth rate and composition of 
AlGaN films with temperature was due to the desorption of gallium, while the Al incorporation 
rate was constant and equaled unity. Therefore, we considered the AlGaN film as a stable AlN 
matrix with an unstable gallium additive. If the Ga atom was placed onto the AlN surface at high 
temperature without impinging Al and NH3 flux, it would have been desorbed within a finite 
time interval because of weak Ga—N bonds. Therefore gallium remains stable within the 
growing crystal only if it is buried under a new AlN layer. Thereby we considered three possible 
elementary events: (i) chemisorption of Ga atoms, (ii) desorption of Ga atoms, and (iii) blocking 
of gallium by the forming AlN layer. 
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Let us consider the following sequence of elementary processes for a single Ga atom in 
time. At the moment ݐ = 0, Ga is chemisorbed in the AlN surface with total binding energy E. 
At the same moment Al and NH3 supply is turned on, and the formation of a new AlN layer is 
started. Let ߚ(ݐ) be the function describing the probability of finding a not desorbed Ga atom. 
Obviously, ߚ(0) = 1. Under the assumption that the Polanyi–Wigner equation is valid for the 
thermally driven desorption of Ga, and if AlN growth is not taken into account, we obtain the 
following expression for ߚ(ݐ): 
 
ௗఉ
ௗ௧
= −ߚܣ݁ିா/், 
 
(2) 
where  is average binding energy of Ga on the AlN surface,  is absolute temperature in 
energy units, and  is a pre-exponential factor. If we consider the probability of Ga blocking 
(covering) by the forming AlN layer, it will be described by a certain monotonically increasing 
function  of time. If  is time instant when a solid AlN layer formed, then ݂(0) = 0, and 
݂(߬) = 1. Accounting for ݂(ݐ), in Eq. (2), we obtain: 
 
ௗఉ
ௗ௧
= −ߚܣ݁ି
ಶ
೅[1 − ݂(ݐ)], (3) 
 
Integrating Eq. (3) from t = 0 to ߬, we obtain total probability that a single Ga atom is 
incorporated into the growing AlGaN film: 
 
ߚ(߬) = exp	[−exp	(ܤ − ܧ/ܶ)], 
ܤ = ln	൫ܣ ∫ [1 − ݂(ݐ)]݀ݐ
ఛ
଴
൯. 
(4) 
 
Note that ߚ(߬) is actually equal to the Ga incorporation rate p, therefore: 
 
୅ܸ୪ୋୟ୒ = ܫ୅୪ + ݌ܫୋୟ = ܫ୅୪ + ܫୋୟexp	[−exp	(ܤ − ܧ/ܶ)], (5) 
 
where ܫ஺௟  and ீܫ ௔  are impinging Al and Ga fluxes. Figure 5(b) shows a plot of the function 
ݕ = ln	(− ln ݌)  vs 1/T. for p calculated from the experimental data using Eq. (5). The 
experimental points in Fig. 5(b) show an evident linear trend for temperatures above 950°C. Its 
linear fit gives average binding energy for Ga atoms E = 4.27 eV. When ୅ܸ୪ୋୟ୒(ܶ)  given by 
Eq. (5) is plotted with the extracted E and B values, it shows good agreement with our 
experimental data. 
It is evident that the local variation of binding energy E must lead to different 
incorporation rates p. When E is increased, the ୅ܸ୪ୋୟ୒ curve moves toward higher temperatures 
[Fig. 5(a)], meaning that the higher value of E must result in a higher gallium content. We 
associate the formation of AlGaN phases of a higher Ga content with a local difference in the Ga 
binding energy. The experiment showed that the GaN mole fraction in Ga-enriched regions 
exceeded 55%, corresponding to the incorporation of more than 90% of the impinging gallium 
atoms. We estimated the increase in energy 0.33 eV for E to be sufficient for the 90% 
incorporation of gallium. 
 
E T
A
( )f t 
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Enhancement of lateral growth component due to the  selectivity of Ga evaporation. 
According to the basics of the terrace–step–kink model (TSK) [21, 22], binding energy of 
an atom depends on the number of chemical bonds with the crystal. Step edges are supposed to 
provide more chemical bonds compared to terraces (Fig. 6). Under such consideration, island 
boundaries, pits, and vacancies will also provide additional chemical bonds. Therefore, under the 
conditions of Ga evaporation, 3D features must retain more gallium atoms at their boundaries, 
which results in gallium accumulation. This explains the enhanced incorporation of Ga at the 3D 
growth stage and along step edges (Fig. 3, 4).  
 
 
 
FIG.6. Schematic of interaction between Ga atoms and AlN surface. The step provides additional 
chemical bonds and increases the total binding energy E of an atom. An atom at the terrace has a 
lower binding energy and a higher desorption probability. 
 
As Ga atoms are selectively retained by the sidewalls of steps, islands, and pores, they 
accelerate the widening of surface features and affect lateral step propagation during the film 
formation. The growth can be considered consisting of two components: vertical growth and 
lateral growth. The lateral component corresponds to the movement of island boundaries and 
surface steps along the film plane, whereas vertical component corresponds to a change in film 
thickness. Let the lateral growth component for AlN and AlGaN be denoted as LAlN and LAlGaN, 
respectively. The ratio R = LAlGaN/LAlN is determined by the total amounts of incorporated atoms 
for AlGaN and AlN growth:  
 
ܴ = ܮ୅୪ୋୟ୒/ܮ୅୪୒ = ୅ܸ୪ୋୟ୒/ܮ୅୪୒ = 1/(1 − ݔ), (6) 
 
The mole fraction of GaN at the step edges and in the nucleation layer of AlGaN film 
grown at 1050°C reached 0.55; hence we obtain R = 2.2. Simple calculations using Eq. (4) show 
that a 0.33 eV increase in binding energy  is sufficient for the attainment of such value of R 
[see dashed line in Fig. 5(a)].  
Let us consider the effect of an increase of lateral growth rate on film evolution during the 
growth process. It was mentioned above that the growth of nitride films on mismatched 
substrates usually starts with the formation of 3D nucleation islands. Under proper conditions 
islands expand and merge into a solid film, and the growth mode changes from 3D to 2D. The 
widening rate of islands is determined by the lateral growth component. Thus, enhanced lateral 
growth will lead to a faster merging of islands and faster 3D–2D transition. As shown above, 
E
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gallium reduced the period of 3D–2D transition twofold (Tab. I), whereas the average hillock 
diameter demonstrated a twofold increase from 0.2 to 0.4 μm. 
It is important that 3D features are required to promote the formation of the AlGaN phase 
with a higher Ga content. As soon as 3D islands merged into a solid smooth film, the formation 
of a Ga-enriched AlGaN phase stopped. This is exactly the effect we observed in our AlGaN 
films using TEM and EDXS (Fig. 3, 4). 
 
 
IV. First-principles calculations. 
 
In the previous section, it was supposed that a chemisorbed Ga atom at a step is more strongly 
bound to surface compared to a Ga atom at a terrace. To test this assumption, we carried out 
first-principle calculations of Ga stability at different sites on the AlN (0001) surface. 
 
Computational approach 
 
Calculations of the interaction of Al, Ga, and nitrogen precursors with the AlN(0001) 
surface were performed using the first-principles method based on the density functional theory 
(DFT), implemented in the VASP code [23, 24] [. The density functional was based on the 
generalized gradient approximation (GGA). The wave functions of valence electrons were 
decomposed using a plane-wave basis with a cutoff energy of 500 eV. The projected augmented 
wave (PAW) method [25] was used to describe the effect of core electrons. For the Ga atom, 3d 
electrons were explicitly included into the valence shell. Sampling of the Brillouin zone in the 
inverse space was done using the (3x3) Monkhorst–Pack mesh for a (2x2) surface supercell on 
the AlN(0001) surface. 
 
Models of AlN(0001) surface 
 
To investigate the adsorption properties of the AlN(0001) surface, we considered two 
models of the AlN(0001) surface:  a model of flat (0001) surface with a (2x2) supercell [see Fig. 
7(a)] and a model of stepped (0001) surface using a (5x3) supercell, which is shown in Fig. 7(b). 
Each model contained 4 bilayers of Al and N of the thickness 10 Å, nitrogen atoms at the bottom 
were passivated by hydrogen atoms, and a 10 Å vacuum layer was added. The two lowest 
bilayers of AlN were fixed in the positions of an ideal crystal. 
We considered several surface configurations of Al, Ga, N, and H adatoms and adsorbed 
NH3, NH2, NH groups. Different adsorption sites on the AlN(0001) surface are shown in Fig 7(a) 
and include an HCP1 site above the surface Al atom (also called top site), an HCP2 site above 
the subsurface nitrogen atom and an FCC site above the hole in the wurtzite structure.  In 
addition, there is an adsorption Bridge site in between two surface Al atoms.  
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(a) (b) 
 
Fig. 7. (a) Model structure of the AlN(0001) based on a (2х2) supercell. (b) Model structure of 
the stepped AlN(0001) surface based on a (5х3) super cell. Brown balls are Al atoms, blue balls 
are nitrogen atoms. 
 
 
Adsorption properties of the pure AlN(0001)surface and surface diffusion 
 
The adsorption energies of Al, Ga, and N atoms at different adsorption sites on the pure 
AlN(0001) surface are given in TABLE II (adsorption energy of nitrogen was calculated relative 
to the N2 molecule in the gas phase). One can see that metallic Al and Ga atoms have the highest 
adsorption energy at the HCP2 site, located above the subsurface nitrogen atom. The adsorption 
energy of the Ga atom is 0.3 eV lower than that of the Al atom, pointing to the easier desorption 
of Ga from the surface. In contrast to metal adatoms, the N adatom strongly prefers the FCC site. 
The diffusion of metal atoms on the AlN(0001) surface can proceed as a jump from an 
HCP2 site via Bridge and FCC sites to a neighboring HCP2 site. As is seen in TABLE II, the 
maximum energy along this pathway corresponds to the transition over a FCC site and is 0.65 
eV for Al and 0.62 eV for Ga. The diffusion of nitrogen adatom should include a transition via 
Bridge and HCP2 sites with an approximately equal adsorption energy, which gives the estimate 
of the activation energy of nitrogen adatom diffusion equal to 1.45 eV.  
 
TABLE II. Adsorption energies of Al, Ga, and N atoms at different adsorption sites on the pure 
AlN(0001) surface. 
Site \ Adatom Al Ga N 
FCC 3.41Ev 3.13 eV 2.36 eV 
HCP1 2.58 eV 2.53 eV -1.53 eV 
HCP2 4.06 eV 3.75 eV 0.93 eV 
Bridge 3.55 eV 3.28 eV 0.93 eV 
 
 
 Ab initio thermodynamic model of surface structures on the AlN(0001) surface  
 
 To estimate the thermodynamic stability of different surface configurations, we used free 
Gibbs energies for calculations of system energy for the given chemical potentials ߤ௜ of species: 
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Ω(ߤ௜ , ܶ) = ܧ − ܶܵ −෍ߤ௜݊௜
௜
, 
where ܧ is the internal energy of the system, ܶ and ܵ are temperature and entropy of the system, 
and 	݊௜ is concentration of the i-th species. The contribution of entropy is supposed to be equal 
for all condensed phases, and is taken into account only for gaseous species.  
For a ternary system Al-N-H under the condition of an equilibrium with the AlN phase, 
the relationship between the chemical potentials of aluminum ߤ஺௟  and nitrogen ߤே is as follows: 
ߤ஺௟ + ߤே = ߤ஺௟ே = ߤ஺௟
௕௨௟௞ + ߤேଶ
଴ + ∆ܪ௙(ܣ݈ܰ), 
where ∆ܪ௙(ܣ݈ܰ) is the formation energy of AlN. Therefore, for the analysis of thermodynamic 
stability one can use chemical potentials of Al и H species as independent variables. The results 
of calculations of the phase diagram of stability of different configurations on the pure 
AlN(0001) surface as a function of chemical potentials of Al and H are shown in Fig. 8. The 
calculated phase diagram is in good agreement with those presented in [26, 27]. 
Based on the calculated phase diagram of stable structures on the AlN(0001) surface as  a 
function of chemical potentials of Al and H species, one can determine stable surface structures 
under experimental MBE conditions. For this goal, one should express a change in chemical 
potentials ∆ߤ஺௟ и ∆ߤே as a function of temperature ܶ and partial pressures ܲ of species: 
ߤ௚௔௦ = −݇஻ܶ	݈݊ ቈ
݇஻ܶ
ܲ
൬
2ߨ݉݇஻ܶ
ℎଶ
൰
ଷ/ଶ
× ܼ௥௢௧ × ܼ௩௜௕቉, 
where ݇஻  is the Boltzmann constant, ℎ  is the Planck constant, ݉  is molecular mass, ܼ௥௢௧  is 
rotational partition sum, and ܼ௩௜௕ is vibrational partition sum. 
For the conditions of AlN film deposition using the MBE method, we set hydrogen 
pressure in the system at 10-3 Pa. The calculated phase diagram of the most stable surface 
configurations on the AlN(0001) surface as  a function of partial pressure of Al and temperature 
is shown in Fig. 8. It can be seen in the figure that, for MBE deposition conditions, only two 
configurations, corresponding to Al and N adatoms without hydrogen species, are 
thermodynamically stable. Because of low pressure in the MBE process, the chemical potential 
of hydrogen is about 1 eV lower for MBE deposition than that for the MOCVD process [28]. As 
a result, for typical MBE deposition conditions, ∆ߤு ≈ −2  eV and, in accordance with the 
phase diagram in Fig. 8, configurations of adsorbed Al and N atoms with a coverage of ¼ 
monolayer are thermodynamically stable under these conditions, which is in agreement with the 
results of calculations in Fig. 8. We should stress, that the experimental deposition of an AlN 
film using the ammonia MBE process typically proceeds under an excess of ammonia, which 
corresponds to the N adatom region in Fig. 9. 
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Fig. 8. Calculated phase diagram of the stability of different surface structures on the pure 
AlN(0001) as a function of chemical potentials of Al and hydrogen.  
 
Fig 9. Calculated phase diagram of the most stable surface structures on the pure AlN(0001) 
surface as a function of partial pressure of Al and temperature. 
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Interaction of Ga adatoms with a stepped AlN surface 
 
 For the analysis of the interaction of Ga adatoms with steps on the AlN(0001) surface, we 
considered a model of a stepped AlN(0001) surface, shown in Fig 7(b). The model structure 
contains a ribbon of the next AlN layer with a kink on the pure AlN(0001) surface. At this 
surface, we considered a Ga adatom on the HCP2 site co-adsorbed with one fourth of nitrogen 
monolayer on the FCC site, as is shown in Fig. 10(a).  
The Ga adatom can attach to the kink at the step on this surface, while the nitrogen atom 
can then attach to Ga at the step, as is shown in Fig. 10(b). This process is exothermic and 
energy change in this process is –0.32 eV. This result indicates that Ga has selectivity with 
respect to morphological defects on the AlN(0001) surface. 
 
  
   
   (a)      (b) 
 
Fig. 10. Model structures for the analysis of the interaction of a Ga atom with a stepped 
AlN(0001) surface: (a) co-adsorption of Ga and N atoms at the terrace, (b) attachment of Ga and 
N atoms to the kink at the step. Notation as the same in Fig. 7. 
 
 
V. General discussion of the results. 
 
The growth of AlGaN under the conditions of Ga desorption led to positive changes in film 
morphology compared to AlN growth at same growth parameters without gallium. Gallium 
stimulated 2D growth and allowed us to obtain films with wide smooth terraces. AlGaN films 
did not contain threading pores, unlike AlN. This result is interesting in contrast to GaN growth 
in NH3 MBE, when the evaporation of Ga leads to surface roughening [16]. 
Both experimental results and the data of first-principles calculations show that the binding 
energy of Ga depends on local surface morphology. It was found experimentally that the AlGaN 
phase with high Ga content formed in the vicinity of 3D surface features. Gallium atoms were 
accumulated by the sidewalls of 3D islands in nucleation layers and by high surface steps at 
subsequent growth stages. The formation of such areas shows gallium atoms preferably occupy 
surface sites near surface defects. Therefore, these sites provide more stable chemical bonds 
compared to surface sites at flat terraces. First-principles calculations also showed that the 
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adsorption sites at steps are energetically preferable for gallium atoms compared to terrace cites. 
According to the calculations, the difference between the binding energies of a gallium atom at 
the terrace and at step is of about 0.32 eV. 
It is important that gallium atoms are retained at boundaries of 3D surface features like 
islands and terrace steps. Under the conditions of the significant thermal desorption of gallium, 
the difference in binding energies favors the accumulation of additional matter at boundaries of 
3D surface objects, resulting in the selective increase of the lateral growth component.  
The reported mechanism has several interesting features. The first is that the accumulation 
of gallium in the vicinity of surface defects allows the visualization of the evolution of such 
defects by TEM because of a remarkable contrast produced by gallium in dark field TEM images. 
This allowed us to observe the movement of high terrace steps, as they left bright traces in the 
film bulk. The 3D–2D transition also became visible in TEM images. The other feature of the 
mechanism is its self-regulation, which comes from its dependence on surface morphology and 
from its ability to smooth out the surface. One can see in figures 3 and 4 that the accumulation of 
gallium was enhanced at the 3D stage and went down as soon as a smoother surface formed.  
We suppose that the observed effect of the selective enhancement of lateral growth through 
the formation of a Ga-enriched AlGaN phase is related to the reported surfactant effect in 
ammonia-based epitaxial methods. The authors of [5, 7, 8] identified the surfactant effect on the 
basis of the following evidences: improvement of film morphology because of additives (In or 
Ga), stimulation of 2D growth and low average content of additives within the films. We showed 
that the positive effect of gallium on film morphology was observed at least up to a growth 
temperature of 1100°С. At this temperature, the average mole fraction of GaN in AlGaN was 
only 2%, while a faster 3D–2D transition and wide smooth terraces were still observed.  
Equations (5) and (6) allowed us to estimate the amount of lateral growth enhancement for 
the growth of AlGaN at higher temperatures with lower average concentrations of Ga. According 
to our consideration, the enhancement of lateral growth is due to the formation of a Ga-enriched 
AlGaN phase at the lateral boundaries of 3D surface features. Thus, we use Eq. (5) to calculate 
growth temperatures corresponding to a specific average amount of Ga. For calculation, we 
chose mole fractions of GaN equal to 1% and 0.1%, which are typical for the reported amount of 
the surfactant [5, 7, 8]. In calculations we used Al and Ga fluxes of 200 mn/h and 270 nm/h, 
respectively. Then the value of binding energy E increased by 0.33 eV was substituted into Eq 
(5). For average mole fractions of GaN equal to 1% and 0.1%, we obtained that the mole 
fractions of GaN in the Ga-enriched AlGaN phase will be 51% and 47%, respectively. 
According to Eq. (6), such amount of Ga will enhance lateral growth twofold. Therefore, 
smoothing effect due to the selective incorporation of gallium is still significant. The Ga-
enriched AlGaN phase has a small total volume, as it is restricted in the nearest neighborhood of 
surface defects and in the 3D nucleation layer. Therefore, the total amount of gallium measured 
by conventional methods, such as XRD or secondary ion mass spectrometry, would be low for 
films several times thicker than the nucleation layer. This estimation shows that the effects 
attributed to surfactants may also arise from the selective accumulation of additives. In both 
cases, 2D growth will be stimulated in the resulting films and the resulting content of adatoms in 
the films will be low.  
Such a mechanism overcomes the contradiction that appears if the action of gallium or 
indium on growth kinetics in ammonia-based growth methods is explained by the surfactant 
effect only. To affect adatom diffusion barriers dramatically, the surfactant should cover the 
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majority of surface sites. This is a conventional mode of PAMBE growth under metal-rich 
conditions. However, the N-rich growth excludes the formation of dense surface coverage by 
metal atoms. The formation of a Ga-enriched AlGaN phase does not require high coverage 
density by metal atoms. Therefore, N-rich conditions will not prevent the enhancement of lateral 
growth in contrast to the surfactant effect. This consideration does not exclude the effect of 
change of surface diffusion barriers due to the surfactant action of gallium and indium in 
MOCVD and NH3 MBE, but shows that other mechanisms should also be taken into account. 
 
 
VI. Conclusions 
 
In this work, we performed an experimental and theoretical study of the growth kinetics of 
epitaxial AlGaN films in a temperature range between full evaporation and complete 
incorporation of gallium.  
We compared AlGaN and AlN samples grown under identical conditions by NH3 MBE. 
The use of gallium induced noticeable changes to film evolution, structure, and surface 
morphology. The formation of an AlGaN phase with higher Ga content in the areas of developed 
surface morphology was detected by TEM equipped with an EDXS module. 
The growth rate of AlGaN at different growth temperatures was measured experimentally. 
Then a kinetic model was developed to analytically describe the dependence of AlGaN growth 
on the growth temperature. As the model was in good agreement with the experimental results, 
we used it to estimate the difference in the binding energies of gallium atoms at different surface 
cites using the data on the distribution of Ga content. First-principles analysis was also used to 
provide additional information on the configurations of atoms and their stability on the surface of 
epitaxial films.  
Both experimental results and first-principles analysis showed that gallium atoms are more 
energetically stable at steps because of a difference in binding energies at terrace and at step 
adsorption sites. Both approaches gave similar value of 0.3 eV for the difference in the binding 
energies of Ga atoms. Under the conditions of thermal evaporation of Ga, gallium atoms are 
selectively retained by the boundaries of 3D surface features. The selective accumulation of 
gallium results in the formation of a AlGaN phase with a higher Ga content and favors an 
increase in the lateral growth component. The enhancement of lateral growth has a crucial effect 
on film morphology at the initial 3D stage of growth, promoting a faster transition to 2D growth.  
We suppose that the surfactant effect in ammonia-based growth methods reported in the 
literature is related to the selective enhancement of lateral growth, as both mechanisms provide 
identical observable effects: the improvement of film morphology, stimulation of 2D growth, 
and a low average content of additives.  
We think that our results can have several applications. The developed kinetic model for 
AlGaN growth rate can be used for estimating the amount of additive species and for the control 
of ternary film composition via temperature change. Also our results show that phase separation 
can be useful for the improvement of film quality at certain stages of growth, as it promotes a 
faster transition to 2D growth at the initial stages of AlGaN deposition, but when 2D growth is 
settled down, phase separation stops and gallium content drops down. Gallium accumulation at 
surface defects may also be a tool for the visualization of the morphology evolution by TEM, as 
gallium yields noticeable contrast in dark field TEM images. In our work we could observe a 
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3D–2D transition at the initial stage of growth and saw the movement of high surface steps 
during the film growth. 
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